Benzene dimer is a prototype to study intermolecular interactions between aromatic systems. Owing to the weak interactions between the molecules within the dimer, several conformational geometries are nearly isoenergetic and thus coexist even at low temperatures. Furthermore, standard spectroscopies are unable to distinguish between them. In this work, we study the electronic relaxation processes following inner-valence ionization of benzene and the lowest conformers of benzene dimer. We show that the kinetic energy distributions of the secondary electrons emitted via two autoionization mechanisms, namely the Auger and the Intermolecular Coulombic Decay (ICD) effects, provide a means to probe the conformers of benzene dimer. The proposed spectroscopy opens the way to a better characterization of weakly-bound molecular clusters.
Introduction
Aromatic π-π interactions are ubiquitous in chemistry, biology and engineering: these noncovalent interactions play a vital role in molecular recognition processes, 1 in the tertiary and quaternary structures of proteins and DNA 2,3 as well as in organic crystal growth. 4
Benzene dimer is the simplest prototype to study intermolecular interactions between aromatic systems. As such it has been intensively investigated for decades (see 5 for a recent review). Owing to the small binding energy between the two molecules (≈ 2.8 kcal/mol, i.e. 120 meV), the dimer may exist in different conformational geometries, even at low temperatures. An accurate description of such large weakly-bound systems is a challenging task for quantum chemists and advanced ab initio methods must be employed to provide reliable energies. [6] [7] [8] Theory predicts three low and nearly isoenergetic conformers, namely the Tshaped (T), the tilted T-shaped (TT) and the parallel-displaced (PD) geometries (see Fig.   1 ). Among the other conformers lying above these lowest configurations the sandwich (S) geometry has been widely investigated since it represents a model for stacked structures. The two T-shaped conformers have been observed experimentally using microwave spectroscopy. 9 However, the other conformers are more challenging to identify because they lack permanent dipole moments. Furthermore, photoelectron and photoion spectroscopies, which are powerful analytical tools, cannot resolve the different conformers owing to the small chemical shift between the latter. [10] [11] [12] In this work, we propose a spectroscopic method based on the Intermolecular Coulombic Decay (ICD) effect [13] [14] [15] [16] which can help to identify the different conformers. ICD is an efficient and ultrafast energy transfer process: after inner-valence ionization of a molecule embedded in a chemical environment this molecular ion transfers its excess energy to a neighboring molecule which is then ionized. The energy transfer can take place over huge distances: for example, in the giant helium dimer, 17,18 it was demonstrated that energy transfer can be achieved via ICD over up to 14 Å. Furthermore, the timescale for the energy transfer and the kinetic energy distribution of the secondary electron (so-called ICD electron) 3 than 100 fs which rules out the possibility for molecules in each conformer to rotate before emitting the secondary electron. The electron-electron coincidence spectra reflect therefore the initial geometry of the dimers.
Computational Methods
The ground state equilibrium geometry of the isolated benzene molecule was obtained by energy minimization at the Moller-Plesset 2nd order (MP2) level using the MOLPRO package. 20,21 The geometries of the conformers of the benzene dimer considered in this work were taken from Ref. 22 (see Fig. 1 ).
The single (IP) and double (DIP) ionization potentials were computed with Algebraic Diagrammatic Construction (ADC) methods (see 23 for a recent review). The single ionization potentials for the five systems were computed using the non-Dyson extended second-order ADC(2)x scheme for the one-particle Green's function. 24, 25 Such a method provides accurate spectroscopic amplitudes and binding energies for outer-valence and inner-valence ionized states of fairly large systems. The ADC(2) method for the two-particle propagator [26] [27] [28] was used to compute the double ionization potentials of all species. ADC(2) has been successfully used for the study of dense double ionization spectra of molecules and clusters (see 27 and references therein).
The Hartree-Fock energies, molecular orbitals and the integrals needed for the ADC calculations were computed with a split-valence triple-zeta basis set 29 using the GAMESS-US package. 30 Convergence of the results with respect to the basis set was checked.
The kinetic energy distributions of the photoelectrons coming from inner-valence ionization of a monomer reported in coincidence with that of the secondary electrons were estimated with the following model: decay the two holes are localized on the same molecule which is initially ionized. Electron-Transfer-Mediated-Decay (ETMD) 31, 32 is another decay process in which one electron from the neighboring benzene molecule is transferred to the ionized monomer and the excess energy is used to eject a second electron. In this case, the two holes in the final states are therefore localized on the molecule which is not initially ionized.
-For each singly-ionized state computed with the ADC method the energy distribution of the secondary electron (if any decay channels are open) is given by the difference between the energy of the singly-ionized states and the energies of the accessible doubly-ionized states.
-We assume that the branching ratio for Auger decay (when this channel is open) is ten times larger than ICD. This approximation is justified because Auger decaytime is usually below 10 fs while ICD takes place within 100 fs. 33 ETMD is completely neglected since it is efficient only at short intermolecular distances. 31 Furthermore, for the Auger channels the singlet final states contribute more to the Auger spectra than the triplet ones 34, 35 whereas in ICD the triplet states contribute three times more than the singlet states. 36 Thus we multiply by 3 the corresponding contributions. Finally, for a given decay process (Auger or ICD) and a given spin symmetry all weights are set equal.
-Denoting the weight for a given channel (decaying state i and final state j) as ω i,j , the spectroscopic amplitudes as p i and the binding energy and the secondary electron energy as BE and E respectively, the electron-electron concidence spectrum is given by
where N IP and N DIP are the number of ADC singly-and doubly-ionized states, respectively.
We assume that each peak has a Gaussian shape, with a full width at half maximum set to 0.5 eV, in order to approximately include vibrational broadening. We use binding energy instead of photoelectron kinetic energy since the former does not depend on the photon energy.
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Isolated benzene molecule
The kinetic energy distributions of the photoelectron are obtained directly from the single ionization potentials, whereas the kinetic energy distributions of the secondary electron can be estimated from the IP and the DIP (see section Computational Methods). We first discuss the IP and DIP of isolated benzene. The experimental and theoretical valence photoelectron spectra of isolated benzene molecule are known (see 37, 38 and references therein).
The spectrum of the benzene dication has also been measured and computed (see 35, 39 and references therein). These previous data are used to benchmark our calculations (see Table   I ). The computed single and double ionization potentials of isolated benzene are shown in The ground state equilibrium geometry of benzene is planar with D 6h symmetry and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the singly-ionized states cannot be described as ionization from a single molecular orbital.
Instead electronic configurations corresponding to ionization of one electron and excitation of another electron into an unoccupied orbital contribute significantly to each electronic state.
However, the fairly intense peaks just below 26 eV may still be approximately associated with the ionization of (2e 1u ) orbitals which are mostly built on carbon 2s atomic orbitals.
As shown below, the inner-valence region is around the double ionization threshold of the molecule and is of particular interest for this study.
The lowest DIPs appear at 24.65 eV for the triplet and 25.25 eV for the singlet states.
These peaks correspond to double ionization from the highest occupied molecular orbital 
Conformers of benzene dimer
We now consider the IP of the four conformers of benzene dimer (see lower panels of Fig. 4 ).
Only the inner-valence region is shown. Compared to the spectrum of the isolated molecule, the binding energy spectra are richer for all conformers. Furthermore, the peaks are red- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The difference in the spectra between the conformers is rather small such that the most intense peaks of the different conformers strongly overlap. However, it should be noted that for the sandwich geometry numerous states with small spectroscopic amplitudes are grouped together at around 22 eV while for the other geometries the states are more evenly distributed at higher energies. As discussed below, these peaks are characterisic of the sandwich conformer and may be used to spectroscopically distinguish it from the other conformers.
The DIP of the dimers, shown in the upper panels of Fig. 4 , are even more different from that of the isolated molecule. In particular, several states appear around 20 eV which correspond to single ionization of both molecules within the dimer and are thus attributed to ICD final states. Furthermore, the double ionization potentials are more sensitive to the 9 Page 9 of 24
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peaks of each species. First, the upper diagonal allows to distinguish between the isolated molecule and the dimers. Furthermore, this line is shifted by +0.3 eV for the T-shaped and TT-shaped conformers with respect to the PD and sandwich conformers, as expected from the DIP discussed above. Because of this energy shift, a rather intense ICD peak is seen at BE = 20 − 21 eV and E = 0 − 1 eV for the T-shaped and TT-shaped conformers while this peak is three times weaker for the PD and even absent for the sandwich conformer.
An appearance of a peak in this energy region can thus be unambiguously assigned to the former conformers. Another strong signature of the T-shaped and TT-shaped conformers is seen in the Auger peak at BE = 25 − 26 eV and E = 0 − 1 eV (indicated by a red dashed arrow) which is only present for these two geometries. Finally, the two parallel geometries can also be separated since the spectrum for the sandwich geometry exhibits an intense peak at around BE = 22 eV and E = 2 eV (indicated by a black arrow) which is absent in the PD spectrum. The spectra of the T-shaped and TT-shaped dimers are however too similar to distinguish both conformers.
Conclusions
In conclusion, we have investigated the relaxation pathways after inner-valence ionization of the benzene molecule and the lowest conformers of the benzene dimer. For the molecule, Auger decay opens for states of binding energy above 24.65 eV while for the dimers another decay channel (ICD) opens already at energies above 20 eV. Despite the weak interactions between the molecules and the small energy differences between the different conformers, the kinetic energy distributions of the secondary electrons emitted during the electronic decay processes are characteristic of the conformational isomers of benzene dimer. It should be noted that the differences in the coincidence spectra of the conformers can readily be used to experimentally identify the structures since current electron spectrometers and light sources allow to achieve energy resolution below these differences (see for example 41,42 and 11 Page 11 of 24
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